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AJDB RACr

A method to infer sediment c fiom acoustic backscatter levels has boe

imlm ed fbr a e acoustic sediment flux probe. This required calibmtions of the

acoustic transceiver systms and direct F Zq of the system response to typical

sediment size stbons over a wide range ofconcenMations.

Th sensitivities of the 1.3 MHz and 5.2 MHz tanducers of an acoustic sediment probe

ware mim ed usmg the backcatter amplitudes from stainless steel wires of four dieen

radii. A two-fiequency inversion algorithm estimating the geometric mean radius and

im bode dem mnm of smupnded sediunt with an ammned kogwmal sme distribution

and the sedimentmass on was developed and tested in a laboratory st-in&

"M smnitivity ofthe 5.2 Mbztramducer for each wire was consistent within 10%. The

snsitivity of the 1.3 Mlz transducer calculated for each wire was not consistent and is

believed to be due to a stro angular dependence between the wire orietation and the 1.3

MHz mrsducer face. The sensitivities of each of the four transducers were, however,

inferred fiom the system's response to the controlled sediment backscattere
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L INTRODUCTION

The coastal region of the Unditd States is of high conmomic, re•rational and strategic

value. Ports and habors are important for the import of forein goods and the export of

agricultural and idustral products. The coastal region a sbject to many natural forces,

ofen resultng in disasrum consequences. Although stdoms haw importm effects on

coastal property, the continual exposure of the nearnhort zone to waves and current can

have cumulative effects which can be signficant over a long period of time. Depending on

the wave dynamics and neardhre topography, alongshore Mlt drift can cause roion,

tranpor% and deposition of vast amounts of sediment. The potei for extenswe damag

to shoreine homia, red estate, and harbor sructures exist in both te short and long term.

Prediction of sediment Utnsot rates require that the amount of suspended sedint flux

be known under a vaity of wave conditions. As deep water ocean waves and locally

pumrawd wind wave propaga toward the coast their enemly is trmsformed to higr and

l r ficuand• s in nonlinear interactions under the inunm of the undein topography.

113 mrnncr fluid motios cam transport of the sediment at the seab, potential ley ading

to significant chwags in the local topography. Much of the inciden wave enery is

dissipated by smal-scale turbulant motions which trongy couple larger-scale &Aud motion

t?"ugh the water cohnin to the sediment bed. Smallw-ca turbulent kinetic energ is

produced at both the surface by non4-near wave iteractions and wave brcaking, and at the

bottom boundary due to shear stress. While the bottom boundary layer is typicaly only a

• m n |l l1



few centimetes thick under the oscillatory flows found in the neanho•re rion, under more

@I I wave breaki cndigonm the turbulent boundary layer can occupy the entire water

column. Consequently the utrong episodic, mulft-scakd forcing in the nearshor region

prescims mique problem in our uIdatndi sediment transport processes.

Models and - t of sediment tansport in the nearshore must take into account

not only the stroMg ioMtational wave motion above the sediment bed4 but also the much

weaker turbulent motiom generated by te fluid flow. Development and wuificado of

models with in-situ dat requme high s and temporal sampling thougthout the water

column. Ideally, sediment fluxes should be measured to the smallest turbulent scales

bm the water column to investigaft the epsodic, non-linear physical processes which

poduic net W iment fluxes in the neahore.

Methods of sediment coiration and size distribution memauements range from the

physical collection of a volume of supended sediment and the medium of suspension, to

mm-invasv methods based on the scatter of incient acomus or light enery by suspended

scttme. Siphomg of a sample using suction involves the removal of a volume of

diment and medi from the flow without erroneously sampling the sediment bed. This

method is reticded by its sensitivity to background crets, particle size, air etrainment,

and the direction of suction in relation to the direction of flow (Bosman et at, 1987).

Samples am typically siphoned in a direction normal to the flow with a suctio velocity

which exceeds the ambient flow velocity by more than three times (Bosmian et al, 1987), but

amples can also be taken along the axis of the flow with a suction velocity which exceeds

the mmum etiling velocity of the, paricles under iinwtigation (Hay, 1991). While these
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mdlvdk povide a direct sampling of the ccer.wation, they clearly perturb the flow and ar

limited in their volume resolution, and extremely limited in temporal resolution.

Tranmnissometers demmine the extinction characteisti of the medium by measuring

the attenuation of light along a short lioht path through the medium. They provide a well

controlled ample volume but have limited dynmic range. Empirical models are required

to relate the beam attenuation to suspended mass.

Optical backwacter instruments measure turbidity and suspended particle concenrations

by detecting scattered infrared radiation. The response of an optical backActtcr sensor

depeds on the iz composition, and sape of mupetndd particles. This r u

calbration with I from the waters to be iveftiad (D & A strument

Company, 1991). OBS inutunents are well suited to the m of suspended

nenran s 41h their wide dynamic range, linear response to increasing

and ins t to bubbles ad organi maer. Their primnay limitation for small-scale

studies tha the sample vohune depends on the concentration of the suspended sediments

being measured. This leads to, a poody defined ample volme, and so ar more ited to

the dm of bulk sediment cncektwnm.

The use of acoustic backcatter instruments is a promising rea of research. Small and

robustly engineered acoustic backscatter insuments are well suited to sediment flux

1 ,mautuw. Unlike sipon sampin th acoustic instbunt can be deployed well above

to bmmdmy layer (tylcay I metar dirwcd downward to measure the turbulent boundary

layer propties with non-in*us acoustic beams. Current implementations of this

technoloM ha high spa [0(1 cm)] and temporal resolution [0(0.1 a)] providing a

3



n~dfor samipling the small-scale concentration levels in the boundary layer (Hay, 1983).

Sampling the sediment agong the length of the acoustic beamn in ruig bum is accomplihed

by rapidly sampling received wacoustcener levels from short duration transmitted acoustic

pulses. Invesion techniques are used to convert the acoustic bIAKstt lews to particle

concentration and siz distribution p•amneters. This allows maurements of sediment

cwu,.gat properties spanming the depth of the bounday layer. The inverson technique

develoed in this study is basd on previous work (thy nd Sheng, 1992) utilmig multiple

acouti ftunies•.

The acoustic backscatter inutnunent utilized in this study is the Coherent Acoustic

Sediment Probe (CASP) developed under the direto of T. P. Stanton at the Depwtment

of Oceanography, Naval Postgraduate School The CASP is a two-frequency, dual mode

undmvwater tnument packag originy designed for the study of surface boundary layer

turbulence. It use three 5.292 MHz tnsducers and a single 1.323 MHz transductr to

determine three components of velocity, suspended sediment concentration profiles, and

sediment saze distribution uwing a muli-hfquncy approach described in the following

chapter. By combining the three veocity compone measur•d by the CASP and the

sediment concenti estinated from an invron of the volunme b stren

thre cmponents of the sediment flux cam be determined down to centimeter wales.

In this study, the absolute sensitivity of die CASP acoustic back•catter system was

determined uing a fixed wire backacatter calibration technique following the theoretc

development by Sheng and Hay (1993). A veriication of the two frequey inversion

slorithm was made wivh the CASP using controlled concenttion of sediments colected

4



ftun local boea. Acousbc backocatter data were collected for sub-octave concetaom

up to 2.1 giter using sorted sediment samples of known lononmnal size divsibutos. A

homogeneous sediment suspeouam of pre-datermined mass concentations was achieved

using a uniquely designed test vessel The test vessel provided a well mixed test volume

with an acousbca transparent window and no inteor level surfaces which could Mow

sediment to settle out duning the ts. The deign also avoided the generation of tudln

vorces and bubble entraiment from the air-water boundary.

The background theory used to determine the ssivity of the CASP acoustic

-In.tter/roceiver and the sediment kivemion technique are p=entod in Chapter II. The

expernmental methods used to determine the CASP sensitivity and test the invemion

technique are deacibd in Chapter IM. Resuts ae discussed in Chapter IV, and are

followed by conclusions and recommendatiom in Chapter V.

- --m I l I II I5



ft BACKGROUND THEORY

A. COHERENT ACOUSTIC SEDIMENT PROBE (CAS?)

The CASP memasres high temporal and spatial resogicuio acoustic backscatter information

to drmin*eý the suspended mass MK an velocity, V, which ame used to calculate the total

sediment flux vector, F =M - V(xj';,#. A theoretical inversion technique is required to

convet the backscatte voustic pressure measuemenS from the CASP into sediment siz

distrbUtions and mass The - .7MAmplitude of bccatedacoustic energy at

a given frequency depends on the number of scatterers, their size and their acoustic

impedance in the sample volume. For simple particle size distributions, the size wxsrm

frequency dependence of the scatering cross sections can be used to estimate both the

scatterer size and mas concent-!tion, by taking backacatter measurements at multiple

frequencies. The multi-frequency approach requires knowledge only of the overall

sensitivities of the acoustic instrments and of the fre quency/size dependence of the

scatlering Cross section of the particles.

An undewater acoustic backscatler instumenut requires a transducer to convert trunmnitter

electrical emrg into acoustic energy, and to convert received acoustic energ into electrica

energ. In the CASP, a transducer of known dimensions is electrically excitd to produce

a iart high frequency acoustic pulse which propagate through the water. Backcattre

energy may be received at the same transducer (monostatc mode), or at a transducer

6



.serdin *sa from the transmitr (bstic mode). This theoretical ftrament focuses

on the monostastc mode-the bistabc mode is an extension using a differn form factor.

Consider a pulsed, narrow-beam trnducer shown in Figure 2.1. The detected volume

isintdoforfield, deflnedby r> %a. /x (Clay and Medwin, 1977), where ris the distawe

fim the tansducer to the detected volume, a. is the transducer radius, % is the attenuaion

coefficient in water, a, is the attenuation due to the suspended particles, and I is the

acouMIkcwavgth The ammpl volume ofeach acoustic beam is defined amcr-beam by

t h-3 dB beam width, 2 , aEd rially by the width of the transmitted pulse length, cc /2,

where c is th sound speed in water, and r is the duration of the transmitted pulse. The

detected volume is the volumetric intersection of the cylindrical sample volumes of the

tranmiter and recei acoustic beams. The tamnsducer deet bc red acoustic

pr p., returned fIw particles in the tranmitted beam path. Mit particles ae assmned

to be rmand and homogeneously distributed across the detected volume and the

p no n tP. imn Is assumed to be low enough tht multiple scattering can be ignored. This

assumption is valid when the mass c eti is less than 30 giL for quartz pricles

(Varman et al, 1983). The maximum mass concentration in the series of calibrtion rum

crInhyiced for this study was 2.08 g/l (32 g/15.4 liter), although field meurement could

well reach strong scattring values.

7
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3 TRANSDUCER DImCI

T7e ifleld directivity, D, for a circular piston uaducer of radius ea is given by

2 J.(kcao p)g(2.
kcao. iP (2.1)

(Clay and Medwin 1977) where J, is the cylindrical Bessel function of order 1, and

kc (=2s ) ), the compression wave number. Table I contains cha--cteAistics of the

CASP umumchwn for a sound speed c - 1480 m/s ani a pulse duration v = 2.26 x 10" sec.

The theoretical directivity patterns for the 1.323 MHz and 5.292 MHz acoustic beams are

shown in Figure 2.2, in terms ofthe spreading angle p.

TABLE I CASP MONOSTATIC ACOUSTIC BEAM CHARACTERISTICS

Freq. Tansduaer Wave- Farfield Half Powu HllfPower Pulse
Radius lenh Rane Beamwidth Bcamwidth Lengt

(MIZ) (cm) (cm) (dog) (cm) (cm)
(cm)

1.323 1.27 0.112 45.2 2.62 1.14 1.68

5.292 0.317 0.028 11.3 2.62 1.14 1.68

C, RACKSCATTER RESPONSE TO LOGNORMAL SIZE DISTRIBUTION

The piue amplitude of incadwt sphercal sound waves in the detected volume can be

das (Hay md Shmo 1992)

9



Dirctivity: 1.323 Mzii

1.31 3.10

-40-

-10 -8 -' -4 -2 0 2 4 6 8 10
Boaw (Des)

0 Dirctivity: 5.292 MHz
S.............................. ........................ ............... I .......... •........ ... .................. ............

13) 3.10
-10-

'6-20-

-40-

-- 2 -8 -6 2 -2 0 2 4 6 0 10

Figme 2.2 CASP 1323 MHz and 5.292 MHz transducer directivity patterns with angles of
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P 5  ~D(p) 09 _GOP(.2

wbere p, is Uth on axis pressure amplitude at r *, the rerncew distane; r is Uth distnc

to.lb Utrmuihaer tho Ute delecled vohume with r< < r., % is th attenuation coefficien in

clem water, T. is Uth a mtteuto due to ft sugpeded particles, lIt oveiba demoles Uth

av=Wg over Ute sime distribouto. D is th tranducer dinvctvity.

Rqiesuingtparticles as solid qmsphrsof equivalent size and lefti P be Uth output

voltag of Uth recive, it can be shown that (Hay 199 1)

V. ( 2 Fn(a__A_()_ 2 ;-d, (2.3)
r Ps

where

11c (O s 24



and

a 2V(X) 12 n(a) do
Fjn~d~,.~)(Z+AiV2 0(2.5)

la 3 n(a) do

0

where S is the overall system sensitivi constant, I/r is the radial sprading tenm, a is the

equivalm araws ofth particle, n(a) i the smze specal density, M is the mm a

of scaters, and ps is the gran density of the particle. C is the combined attenamtion of

awoauic ew ' hdue to the asmuicon effecrs of the medium and the s cattArrs in the acomtic

beam. F[ Im(a) , f.4() I is the response fuuetion due to the size distribution and far-field

backacatter form factor, f.(x) .oftheparticle. Hee,xisgivenby x=kaawherek.isthe

e io wave nu•ber. The trm [n(C •) '• corrects fbr atrenudtio sr the

e tected volume (Ha and Sheng 1992).

Most sediment ditributions in the neashore can be r by a lopormal

disalbutiao of the form

(a)da - i(In - Ina, f (In a) (2.6)

which is cdurcterzed by the pau1mets P g, &he pemetic mme radius of the purticics, and

(1eas) 2, the varisoe of In a about its mean For example, Figure 2.3 shows a best fit

12
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Figure 2.3 Best fit comparson between the grain size distribution for Monterey Wharf and

a lognonmal distibution with P.- 82 microns and og = 1.26.
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curquumibetween the size spectral deneity for sedimn.t coflecled at tvkiuey Wharf and

a lognonnW dribuion wM a angeometric radius of 82 microns and og= 1.22. The

sybols (.) fqesent tie omteP oftgains in each sieve size ran assuming ch sedimeun

grain has a diaee equal to the mean size of each sieve range. The distributions for

Asilmar Saft Beach and Naval Postpadue School Beach are similar with valus of oe

- 1.22, ,g - 135 micfO and ag 1 1.22, ag -94 microns respectively. This single mode.

logmonnal distriNbion is a widely observed sdiment size distrihition. However, multi-

modal distributions cm occur, requiring a more elaborate p using a larg

nuwmb of hequecies and a diiut finn fauin r the two frequency approach demri

heme The Ibim facor for uuiirib~amlyud particle, amuming doe particles have a lognormal

size distribution, is plotted in Figure 2.4 as determined empirially by Hay (1991) ad is

I +12x 4If (.4 I +x 415z [t12J] 8  (2.7)

whereI m  ) is die diewetca form Incur for a rigid mobk ieiperical paricle, with

fte d& of quartz (Hay and Mere, 1985) and x = hj , where j is the mean geometric

i * ofde partices The deendence, of the form factor on tbe ftequency of the acoustc

energ and the size of the particles allows the use of two dibrn frequencies to estimate

tls size ofthe paricles. Th theoretical alues of the response funcion,

R n(a). Lf.(x) 1. for ,orl ad particles can be computed assuming a lognornal particle

14
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Figure 2.4 Empirically determined form factor for uniformly-sized, spherical particles
msuig a lognormal puticle sine distribution.
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sizs distibution and the fom factor fi a logmorm smie distribution, Lfjx) 1. Figure 2.5

ibws Uth form ofUtb veupoume fiuwfima pve by Eqluation (2.8) below, for each firequency

aOW values of as ranging from 1. 1 to 1.5.

Afte suistzutig t 6 ogacanal dstribution into Equmtion (2.5), F[ ,~a). If..(x)I I is nww

dependent only on srairo and k,.- By lottng X-ka,

ie 1f(T)12WF( la-o 9~/2 (In a, f]dlna

,RJ4o 9 afl~a) jf.x)O= k." a(2.8)

fa 3 mxp[-(ln a - in a,)2/2 (Ina f, )din a

Assuming the scattering attenuation is small, or Wa been completely corrected for, Uth

backacatter for Uth two frequencies can be expressed by

Kc=Sj (AIp s)"/2 F(Xj, ag) i=1, (2.9)

where Uth subscript i yrepreents Uth 1.3 and 5.2 MHz frequenicis. The ratio of Ut

relafta p in Equatio (2.9) for ea6 ftequency can be expessed as (Hay and Sheng 199)

F(X, GgSýkC (210F( ().10)
F(I'g)S - c,c

whlich elkmianees do dependence on K, Ut nuna con0etraion The right-hand side can be

evaluated from miransof Uth sensitivity S, and the digital output. A. from a

16
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lognormal sediment somple. The left-bond side of the equation cm be realuted sins

Equation (2.7) using to ePquaon fbor JG () 1. Fige 2.6 shows teh dmoetca fom of th

aod (XX. q,) IM)F(X,. a0) Using only two frequencies, it is not possible to detemine both

asnd oa, so the value of the logarmal distribut varimace parameter o must be

pres e Ie oeticaily te value of a can be demmind in methoxd using more than two

fruies, but the inherent statistical noise of t backicatter -is large

enough to make the o estimates vay widely, so a. must be prescribed (Hay and Sitg.

1992). Based on tbe values of a Idetrmimd for th sediment samples collected at t tlh ee

locatins menioned above, a value of a= 1.2 is used in this study. In field studies the

value of a. will be estimated from a lognormal distribution analysis of a sediment sample

fonm each location of interesL

To estimate the mean geometric particle radius of the sediment, the measured ratios

calculated from th rig-hand side of Equatin (2.10) are compared with Uth Uoetical

ratos of F(X,. o,)/F(X,.o,). Inpractice, theestmatof a, isobtained fromamatchnto

the value of the R X3, o)IF(X,, a,) function which is stored in a lookup table in the

analysis software.

The mass c Ion in the same range bin con be estimated by explicitly solving

ustion. (2.9) fro

pa11•F =X" g) K:, /' ](2.11)K. 2

C, +
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2.5 - 1.4
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Figur 2.6 Theoretical values of F(X,, o,)IF(XI, o,)as a function of a. for o= 1. 1, 1.2,

1.3, 1.4, 1.5.
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where p. is the desity of t scatterers, K. is the digital beckscater coumts for each

frequency, S is the sensitivity for each frequency, and F(X, a) is calculated from Equation

(2.10).

This method therefore provides a technique for estimating mass -nrao and the

mean geomeric particle adius from the dual frequency backscatter levels and the assumd

lomnrm sediment diLibtio standrd deviation parameter a.. Amethodfordeermining

the system sensitivity, S, for each frequency of the CASP is discussed next.

D. SYSTEM SENSITIVITY

Following the teoreical development of Sheng and Hay (1993), the estimate of the

snsitivity for a frhevq y using wires, S,, can be expressed as

r . Xi.

where r is the perpendicular distance from fth transducer to the wire, I/ r is the radial

spreading term, K are the digital counts of the backscatter amplitudes, and k is the

om�i wave number. The index of summaton, i, is determined by the number of

6M 09 sized standard tams seed. Four stainless steel wie of different daiees were

used in this stud.
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For a pulsed wave acoustic source, the function r,, descrials the dependence of the

backacatter amplitude on the effiective length of the wire and is expressed by (Sheang and

Hay, M993)

rp(r.) - =!o e4(%'4)f D2 .X421kro(.c P-) ]dP (2.13)

Pt

when 0e and P2 we functions of PI, the distace to the lWading edge of the acoustic wave

flrnt, and -0 is the peapendicular distance from the tramducer to the fixed wire,

pJ,-o, p2=uco(ro/r,), roSrolSrbCP.,

P, = 0. PI2 = [P.. rosee P .&r P . ro + %c.

A shematic ofthe coordinate system for the pulsed system is shown in i-igure 2.7. Figure

2.8 shows r, as a function of the paameter (re), the ratio of the radius of the main lobe of

the traducer directivity patem, Pow p. , to the radius of the first Fresnel zone

S( ) tonp , (2.14)

whereo dpnds on the acoustic frequency and beamwiddL TU values of *(r,) and r,

for the 1.3 MHz and 5.2 M1z hansduce in this study are 0.98, 0.5; and 2.2, 0.7
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Figure 2.7 Schematic of the coordibme systen used fbr an acoustic pulse incident on a fixed
wire of infinite lenghl. T represents the tnsducer. The other symbols are explained in the
text2
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Figure 2.8 r, as a function of 9(r0 for an monostatic pulsed acoustic system.
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The form fact!r for an infinite cylinder, f. (x), can be expressed by (Sheng and Hay,

1993)

(2.15)

wlhen the Neummnn factr I foIforni-0and c, -2fornxa ,and r6 is the plaeshift

ofde nth partial wav (Fan., 1931). Figure 2.9 shows the dependence of the form factor

n the coutic• frequency and the radis ofthe wine. Table 2 blstshe values of ka, and fn(r)

for this study.

TABLE 2 VALUES OF hA, AND f,,) FOR EACH FREQUENCY AND WIRE RADIUS

Wire 1.323 MHz 5.292 MHz

Radius

(microns) kas (of') fix) kas (Wa 1) f.(X)
25 0.14 0.12 0.56 0.74

40 0.22 0.22 0.90 0.92

50 0.28 0.32 0.12 0.81

64 0.36 0.44 1.44 0.72

The relationship of f. (x) to ka for 1.3 MHz is generdly liner while the relationship for

5.2 MHz shmws U vahu of f.(x) in=se for the first two values of ka then deese for

the remaining two value. This fiqu /tet size dendm of f.(x) allows the me of

a multi-firquency approach to discriminae between different sized targets.
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Figure 2.9 Form factr for an infinite cylinder. Thle values for the 1.3 Mtlz and 5.2 Ml~z
and wire uze combinations used in this study arm shown.
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11 LABORATORY ACOUSTI1C BACKSCATrER MFASU7RZEMEN

The, lusobte biackscatter sensitivity for each freuency of the CASP was cakcuatedusn

the procedure disuued un Section HI D. The standard targets four stauime stee wires of

diffmet diameters, were suspended in a 600 gallont tank while the pinmary sample vokune

of the CASP was moved through a grid of points centered on the wire. The CASP was

paused at each grid point anid backacatter levels were measured to calculate the sensitvity

for each frequency. The backacatter lauels were also used to compare the mnonostatic beam

chaactrisicsof the angular width of the first null point, half power bandwidth, and pulse

length to theoretical value.

The inversion tecchnique discussed in do previous chapter was verified by developing a

method to measure the backscatter levels of known sedimnent concenitrations in a unique test

vaseu. Clea and sorted sediment samples of increasing cumnulative wei&h were placed into

a known volume of wate in a tes vessel. The sedimnent was stupended by continuous

stiing then ensonifled bW the CASP to measure the becksacate levels ftrom the increasing

A. COHERENT ACOUSTIC SEDIMENT PROBE (CASP)

The CASP is a robustly constructed, multi-frequency, underwater instnunen packag

orgnallBy designed to conduct studies of tnulatlnce in the surface boundary layer. It has

three 5.2 M&z acoustic tranducers placed radially around a singl 1.3 M& tranducer, a
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two axis t sonmo, and a three axis ac rometer to detect the instruent's orentation and

mom, In the W k mode, one of the three 5.2 MHz trauduceu enmts a nrnes of 32 short

(0.5 cm) pubes into the water colmin, whil the other two transducers receve the

backacatered acoustic energy from the sample volume defined by the intersetmn of the

tran hie and rce beanm. AfIr 32 backcaltered pulses have been sampled by both

receivin tansducer, the transducers are electroically switched so another 5.2 MHz

Irazuducer emits a puls and the other two receivc. The monostatic samping mode is

interleaved into the bitac sampling sequence to estimate the along-beam backAtter

intesity for the three 5.2 MHz tralducers and the single 1.3 MHz transducer. In the

monotatk mode, a triplet of Ioner (1.68 cm) pulses are transmitted from each transducer

in sagwce. As each pule is transmitted, the transducer is switched to the receive mode and

the backscatter amplitudes are sampled in each 1.68 cm range bin out to 1.2 meters. The

complete sequence of three bistatic and three monostatic transmit modes is continuously

repeated at a rate of 35 Hz (Stanton, 1993).

The 1.3 MHz smuacer is mounted flush in the center of the CASP instrument head, and

the 5.2 MHz htnducers are mounted on 10 cm arms arnged radially outward from the

instrument head at 00, 1200, and 240( (where 00 denotes the top of the instrument head).

F~n 3.1 ilustrate the acoustic beam geomnetry of both the bistatic and monostatic modes.

The four acoustic beams intersect at a primary sample volume 25.4 cm downbeam from the

1.3 MHz transducer.
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ENSOtIFlED VOLUME

HONOB0TATIC MODE
ENSOIFIED VOLUME

13n lft RANSUCERACOUSTIC BEAM FOCAL POINT

Figur 3.1 Schematic of the CASP acoustic beam geomnehy for the bislatic and monoqtalic

modes. (Stanton 1993)
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B. ABSOLUTE BACKSCATTEIR SENSITVITY

11w abgabgs synm reqiom of tdo CASP to beckacatter from cybadrial target of known

dimor was calculated followin thes procedure d~causd i Section 17 D. Pmviou studie

have been bued on spherical targeft, particuluty lead-gas beads.- Spheres havw the

advantagedu that ther tge sftruii isndWependent of orientation, but it can be diffmiclt to

suspend a sphusical target precwely in the center of the acfousi beam,~ pailculady in the

vay sarrow acmudc bernm generated by tromducers operaftu at M&z fequencies. Wire

target offer the advantage that the; MOUnting iMtrutr i$ located completely outs ideth

acoustc beam path so baclwAcat from die suppoatn smuctue, is rot present.

Shaig and Hay (1993) conductd a stud compwfin systm senstivity calculatwios n

lead~am bead with those calculated using stainess steel wire. There was good agreement

boetwee twob approaches when an appropriate corrction factor was made, indiatn that

stainles steel whre can be vusd as standard tu-e In in system sensitivity calculations.

In this cexpeuimn system. sensiivity was deternmine usig stainless stee wire of four

10 - lra&E 25, 40, 50, and 6 microns. Table 3 lists the values of x(= kca ) for c = 1430

rn/s for each wvie and fr~equny combination. T1ae values of k. for the 1.3 MHz and 5.2

MHz Uamduccuu were 5617 m-1 and 22467 rn1 resectivel.
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TABLE 3 RADI AND VALUES OF x = ka (n"') FOR EACH FREQUENCY AND WIRE

COMBINATION

Radius (M) 1.323 MHz 5.292 MHz

25 0.14 0.56

40 0.22 0.90

50 0.28 1.12

64 0.36 1.44

Each wire was suspendod under tension in the tes ta. The wres were oriented parallel

to the transduer face which was being invaegaed (vertical for 1.3 MHz, 23.50 from the

vtical for 5.2 MHz). The CASP was moved under computer control in small incremen

in X/Y space by a digital servo controller which posioned, a preision stage msprtn the

CASP. The servo cotdh is capable of icemental movement. of the CASP staing as

mall as 30 microns. The focal point of the acoustic beams traced a grid of points with the

wire located ap imately in the gri center. Bacdscatter level were measured by the

CASP at each grid paint for a specified period of time. Figure 3.2 shows a plan view of the

grd of poins ud in the absolute backAcater nm. The gai dimensionm in dte

calibrations were 3 cm by 10 cm with an increment of 0.2 cm. The dwell time at each grid

point was 10 sconds.
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10 Cm (0,0)

I

I

* I

* I

5cm wire -0.

0.2 cm

FWp= 3.2 Plan view of the 5 cm by 10 cm grid huaed out by the primary ,,ampling volume
of the CASP during the absoute backscatter runs. The data collection rnm began with the

priary g volume in the (0, 0) position with the arrows indicating the motion of the
CAS. The solid wrows indicte data collcion, while the dashed arrows indicate

bs of the CASP in incremn~ts of 0.2 cm.
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C. LABORATORY SEDIMENT BACKSCATTER TESTS

1. Expeimenatal Task and Mixdig Vessel

A 600 gallon acrylic tank was used to contain the CASP in fresh, filtered water during

the calibration procedurs. The tank was equipped with a computer-controled X/Y

positioning stage under which the CASP was suspended. The reldiv size of the tank and

the CASP (Figre, 3.3) aowed tat to be positicacd in the path of the acoustic beaus as

the CASP stag was repositioned. An actylic test vens was condructed with a plastic film

window to minimiz attenuation across the vesl-water boundary. A controllable spd,

vertically oriented propeller stirrer was positioned in a vertical acrylic cylinder serving as

a directional nozzle which was secured to the tank frame to center it in the mixing vesseL

The mixing vessel and propeller stirrer nozzle were designed so that no level surface or

flow stagnation points we pesent which could allow sediment to settle out of the mixing

volume and reduce the test smple concentration. The mixng vessel, containing 15.4 liten

of clean, deaerated water, was placed in the test tank with an OBS inserted in an 0 ring

seled sidewall opening with the transducer face positioned downward. The temperature of

the tank and mixing vesel water were measur•d to 0.10 C accuracy. The tank and veasel

Uqtnesm dMered by at most 1P C throughout the series of test rims. Any bubbles on the

CASP or mixing vessel surfaces were budis off, with particular care being taken around

the transducer faces and mixing vessel window. The CASP was poitioned such that the

acoustic beam intersection point was approximately 1.0 cm inside the mixer vessel window.

The propeller stirrer nozzle was placed downward within one degree of vertical in the test

vese and secured to the tank frame. The calibration rmn for each grain size range was
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1. COHERENT ACOUSTIC SEDIMENT PROSE (CASP)
2. ACOUSTICALLY TRANSPARENT MEMBRANE
3. ACRYLIC NOZZLE AND DUCTED PROPELLER
4. ACRYLIC TEST VESSEL
&. VARIADLE SPEED MOTOR
6. OPTICAL BACKSCATTER SENSOR
7. ACRYLIC LABORATORY ACOUSTIC TEST TANK
6. SUSPENDED SEDIMENT

Figure 3.3 Schematic of the test tank, CASP, and the mixing vessel with propeller stirrer.
(Stanton, 1993)
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perfomed by adding sediment samples to the test vessel with the propeller stirrer nuinn&

resulting in a homogeneous mass conentration. An equal amount of clear water from the

vessel was removed in the sample vial to maintain the mass concentration for that particular

na Backacai=daa were colccted for 120 seconds. The sorted samples were added to the

vessel in sequence, with the final weight of sediment in the test vessel totaling 32 grams.

This gpve a maximum mass concentration of 2.08 g/l.

2. Sedliment Collection and Preparation

Sediment samples were obtained from three locations along the Monterey Bay coast:

Adama" St* Beach, Naval Postraduate School Beach, and the Monterey Wharf. Samples

from each location were cleaned, sorted, and weighed to 0.01 gram accuracy. Sievcs with

mash sizes of 0.090 nun, 0.125 mm, 0.180 mm, 0.250 mm, 0.355 mam, 1.00 mnm and 2.00

mm were used in the sorting of the samples. Discrete samples of clean and sorted sediment

were wecud into vials containing a weak somion of water and Triton 100. Sorted smnples

were weighed out such that sequentl additions of the sediment samples into the test vessel

,mmldincodiatiw.m.octave weights of 0.5, 1.0, 1.5, 2.0, 4.0, 6.0, 8.0, 12.0, 16.0, 24.0,

and 32.0 rams. Triton 100 is a wetting agent that prevented the sediment grains from being

encased in air bubbles whi.h could significantly increase the backcatte cross section

result in erroncous backicatter levls.

Backscatter data were analyzed from the first range bin isidc the mixing vessel

window. Figures 3.4, 3.5, and 3.6 show the mean monostatic backscatter levels for each

range bin over the duration of the sample run (120 sec). The left and right pands show the
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Figure 3.4 Mean monostatic log backKcatter power level profile for sediment of size 125 to
180 microns. The top panel shows mean backscatter levels for no sediment and no stirring

of the mixer vessel water vohlne. The bottom panel shows mean backscatter levels for no

sediment with stifting of the mixer vessel water volume. The left panel shows the

backscatter level profile for 1.3 MHl, The fight panel shows the backscatter level p~rofile

for 5.2 MNfz.
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Figure3.5 Same as Figure 3.4 but for 0.5 g and g.0 g of sedimentin suspension.
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Figure 3.6 Sam w Figure 3.4 but for 16.0 g and 32.0 g of sediment in suspension.
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beckcatter leves for the 1.3 MHz and 5.2 MHz acoustic beams respectively for the grain

size diameter range of 125 to 10 microns. The cumulative sample weight of sediment

dhomnare Opmr with no mixing of the water volume, and 0, 0.5, 8.0, 16.0 and 32.0 grams

wi h n"Mof th water column. For both the 1.3 and 5.2 MHz frequencies, the 0 gram, no

mixing case exlibits backdcatter levels which can be attributed to micro-turbulent vortices

and small contaminants present in the test tank and mixer water volumes which represent a

noise floor for this calibration method. For the mixing cames the 5.2 MHz profiles show a

imp mr in backscatter power (by a factor of 10P for 32 grams) in the mean backscatter

powt ums inside the mixer window (starting at 26 cm rang) at each concentration. The

mean backscater retuns for the 1.3 MI-Hz beam also increase inside the mixer window (by

a factor of nearly 104 for 32 grams) for the higher concentrations but continue to incease

for the lower concentratiom, to reach a maximum at a range of about 32 cm. The

backacatter drops off sharply at about 34 cm where the backscatter profile resembles more

closely that of the 5.2 MHz acoustic beam. The higher values of backscatter levels for the

low concentration profiles for 1.3 MHz near the 20-25 cm range are believed to be due to

the plastic film window. Backscatter values are sampled in the range bins through the

suspended sediment volume.

Appendix A contain the sieve analysis for each of die nine samples using the measured

weights for each tea size range. The analyses show the size distuibutions were

xnflca ly diffrent for each of the three locations. The mean percentage of sediment size

ranges for the three collection sites shown in Table 4 indicate NPS Beach Lab sediment

consists mainly of medium and fine sized silts with most sediment between 0.063 and
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0.5 tmn. Monterey Wharf sediment is similar to the sediment coieted at Asioma but has

a more evn prportion of lWr sized graism in die 0.5 to 1.0 m range.

TABLF ' PERCENTAGE WEIGHT BY SEDIMENT CLASSIFICATION

Clusuc~ati Size Range (mm) Asiloma Beach Lab M. Wharf

Graw > 1.0 17.02 0.00 19.35

Coarse Sand 0.500 - 1.0 25.81 1.26 15.04

Med./FiMeSat 0.063 - 0.500 56.15 97.16 64.09

CoMue-Fne Sat < 0.063 1.02 1.58 1.52
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IV. RESULTS AND DISCUSSION

The objectives pursued in this study were the determination of the sensitivity of each

trequency of the CASP, and development and verification of a two-frequency algorithm

inverting baccattered acoustc eneagy from a vohune of suspended sediment to estimate

mams concenation and a geometric mean radius of the suspended sediment The inversion

assumes the sediment is described by a lognormal size distribution with a prescribed

vaiune Cthe chtibufton about th mean radius. The system sensiivity for each frequency

was determined fom the backscatter levels of four stainless steel wires of known dimneters

tuing the procedure outlined in Section III B. Directivity pattern characteristics obtained

from pgaphical analysis of the backscatter levels from the four wives were compared to the

theorical values of the monostalc mode for each CASP frequency.

A. WIRE TARGET SYSTEM SENSITIVITY ESTIMATION

The s"m sensiftt for the CASP was determined by ensonelt each wire separately,

fMowing de pmedure dcmed in Section II B. Table 5 lists the ms counts, the values

of k, the frm factor, the sensitivi for each wire; and the overall sensitiv calculated for

the 1.3 MHz tranducer. Table 6 lists heam infeinmation for the 5.2 MHz trautacer.

From Tabl SaidTable 6f th valut ofka rig from 0.14 to 0.36 for 1.3 MHz and 0.56

to 1.44 for 5.2 MHz. The form lor hasthe range of values of x from 0.14 to 0.36 and is

merally linear, as is the plot of peak cnt values for 1.3 MHL Th form Wor for th

40

•~~- _. _ __ II



TABLE 5 PARAMETERS FOR 1.323 WM SENSITIVITY CALCULATIONS

1.323Mg-z_

Wre Radius 25 40 50 64
(mico)

RMS Counts 1694*92 6194±174 19929+1066 30500*2770

xN ( ka) 0.14 0.22 0.28 0.36

IL (r) 1 0.12 0.22 0.32 0.44

Numersr (counts) 0.68 5.75 30.1 71.7

Deominator (106) 0.16 .86 2.28 5.52

S (10'counl) 4.23*0.30 6.67±0.33 13.2+0.92 13.0:1.43

<N> 101.2

<D> (106) s.8

S., (106counts) 9.28±5.28

TABLE 6 PARAMETERS FOR 5.292 MHZ SENSITIVITY CALCULATIONS

5.292MHz_ _

Wie Radius 25 40 50 64

RMSCowls 10922-884 20557*3575 17101*1444 16395-1186

X, ( = ka) 0.56 0.90 1.12 1.44

It. )0.74 0.92 0.81 0.72

Numerator 37.77 111.78 91.58 88.26

Denomnator (10") 11.96 29.57 28.65 28.65

S (10ecounts) 3.16*0.28 3.7A*0.68 3.20*0.29 3.05A0.24

<N> 329.4

<D> (10') 99.2

S. (10 counts) 3.30.0.70
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rang of value for 5.2 MHz in ases to a relative maximum at a value of x at about 0.85,

then dervas to a relative minimum at a value of x of about 1.4.

The rmm count valum for each frequency and wire combnmatim we plotted in Figumr 4.1.

The sanstiviy valum of each we and firquency combiLnon are plotted im Figure 4.2.

Theoretically, th scomemly for each wim and a sngle frequeny should be die sane in

the form fator would nonnatize the dieWuIt fPesponse from wires of different radi The

plot of the 5.2 MHz snsvitics for the four wires shows this s the case, with the

sensitivamies cousle to 21%. The senmiivies for the 1.3 MHz tramducer however ae

widely m a problem with the meamu t procedure. It i uspected. that

there i a ston dependen between the anl made between he wm and the tranduer

face and the backacatler reponm, d attmpts to keep the wire orthogonal to the

rmuducas. TIe wide range of values for the 1.3 MHz• tnducer prvent•d fher use of

the wie-deived smmitivity valhe. In fubfue wodk a sphic tmaW calibradon w•i be

atempted, although it itodsces a v cal depemienc to the backioatter value.

B. MULTI-FREQUENCY INVERSION ALGORITHM

Thkom ma I for sediment collected from Modney Whaf wen us•d to

totOw CASP repmue to a known sedimeat size dbu*tio an controled connt ains.

FHlmr 4.3 shos the d nm mootati backatter level profile for each rnmge bin aveaged

over the dmaton of the un for a mams concentraion of 0.26 g/L The top panel shows the

lmb for dhe 1.3 MI-Iz tramducer while t bottom panel shows the profile for the 5.2 MHz

ransducer. Figme 4.4 dsos the profile for a mm nUction of 2.1 gl. Regrim
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Figure 4.1 RMS counts for each wire and frequency combination
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Figure 4.3 Monostatic backscatter level profile for each range bin for a mast concentration
of 0.26 g/l. The top and bottom panel- show the profiles for the 1.3 MHz and 5.2 M11z
transducers re• ctively.

45



iI 
T

10000

0

5000

0 5 10 15 20 25 30 35 40 45 50
Range (cm)

15000 "- 9,- T T -

10000

0

0 5 10 15 20 25 30 35 40 45 s0
Range (cm)

Figure 4.4 Same as Figure 4.3 but for a mass concentration of 2.1 g/l.
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lm offw' rbac l'iih for bin 13, 14, and 15 for dhe 1.3 ff-z and 5.2 MHz rnmducer

have boen mwn mn. TIe backscar level of rang bi 12, the fi ran bn imade the

mixing viol, fitm the regesuion line generally well for the 5.2 M& tra ,ducer whit the

bin 12 bamcikaw evel for the 1.3 MHz& ducer is seen to be wel above the extrapolated

value brm the regvaimio bie.

As previously discumsed in Section M C 2, ee laW then expected backacatter lvcjs

nLay be attriutd to scatter by the plastic film window or multipl backscatter firom the

tasdu•er beam side lobes coming imto cotact with the miig vessel widow stpomng

suctm. To minimiz tw imc of tos multil backcatter from the mixing vessel on

the uais of thc data, the bin 12 bakscatter klv for the 1.3 MHz transducer bin was

edrapolated from th regression for each na. The bin 12 backacatst level for dhe Opan,

mixing nri was conidered the bseline backwctter value and was sutracted from the

back•catter lve for each subsequent rum. The bin 12 backscavter lveb for the 5.2 MHz

ridc did not roquir corection and were analyzed as measured

Tabe 7 fists the cumulative rams, cnumfiw mmv coceation, the dat archive file,

and the mean dioital commts of the backscatter amplitudes for both fiequencies. The

bacskcatter levels for the 1.3 MHz tramducer have been corrected as descnibed above.
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TABLE 7 BROAD SPECTRUM SUSPENDED SEDIMENT DATA

Cuun.Mm Curn. Conc. CASPTS 1.3 MHz 5.2 M-z
(9) (94) (counts) (counts)

0 0 55 -29±0 -151±26

0 0 56 0 0

0.5 0.03 57 59+18 1704"204

1.0 0.65 62 979±39 2409±265

1.5 0.10 66 1307±54 2991*239

2.0 0.13 67 1613-58 3534*318

3.0 0.19 68 2066*99 4293"343

4.0 0.26 69 2604:120 5034±403

6.0 0.39 58 3270.177 6279±565

8.0 0.52 59 3968*238 7329-660

12.0 0.78 60 5109±511 9139*731

16.0 1.0 61 9753+858 10294M926

24.0 1.6 63 7522*617 13000±1170

32.0 2.1 64 8737*664 14712-1030

Figure 4.5 shows the plot of the dependence of the backcatter Ives of the suspended

sev6At from Montercy Wharf to the cumulative concentration. From Equation (2.9), the

bsacatt levels are propofiional to the square root of the mas conc. One would

epet a lnear rdationship to arie from the square of the backatte levlms as a funco

of the mm concentration. Figure 4.6 shows the plot of the square of the backacatter level

far each cumulative concentration. gnmoing the obvious oudt of the 1.3 MHz backscatter
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Figur= 4.5 Plot of the backa.atter levels as a function of mass concentralion.

49



2 .5 x 108

1.3MHz

5.2 MHz

2-

1.5

0

0.5-
/

0

0 0.5 1 1.5 2
Mass Concentration (g/i)

Figure 4.6 Plot of the square of the backicatter lewls as a function of mass concentration.
The linear naoun of the form vefies ft square root proportionality between backscatter and
mmss concentration.
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fot 1.0Ognm. concentration, believed to be caused by a sytm maflunction, Fgur 4.6

does indeed vmify do linear redatioruhip within the standard deviations of the ba catter

counts for each mum concentration. This satisfying reult nm the reliablity of the

eupment and prom usd n dos part ot•he study.

The slope of the regression lines discussed above represents the d&crea in backscatte

WW wilh distame, or attenuation, for each sample ncenaion. In this cae, it specificy

represents he attenuation over the legt of one range bin (1.62 cm) for the CASP. Table

9 lists the attenuation for each cumulative concentration and frequency. Figure 4.7 plots

g*walioin versus concentration values which can be used in field meuments to estimate

the attenuation along each beam in the presence of sediment Starting at range bin 1, the

mass concentration can be estimated using Equation (2.11), then the local attenuation can

be estimaited firm a lockup table of the form of Table 8 (again, the attenuation for the 1.3

MH I comm ncen i should be ignored). The backacatter level for the subsequent

bins can therfore have dte effects of attenuation removed.
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Figue 4.7 Attenuation m a function of nma concentration.
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TABLE 8 ATTENUATION FOR EACH CUMULATIVE CONCENTRATION

Ms - 1.3 MHz 5.2 MHz
(&41) (10 counta/m) (10'counitin)

0 -4.32 -.00324

0.03 -2.97 -4.76

0.65 -3.41 -6.71

0.10 -4.06 -8.24

0.13 -4.62 -9.97

0.19 -4.71 -12.1

0.26 -6.91 -15.3

0.39 -7.91 -19.7

0.52 -10.1 -25.8

0.78 -13.8 -33.5

1.0 -40.4 -40.41

1.6 -20.5 -53.7

2.1 -24.6 -67.5

As gn wim muuvity cahbatos haw ,remsolved problenm for the 1.3 Mz Iramsducer,

the direct --- - of bsackatter wrsm a known sediumuent concentration shown in

Table 7 and Fgurm 4.5 cm be wsed to estimate the sensitivities % and S,. Following

Equdon (2.11), the scnsWvity can be expressed as

Fii P - ( - , as(4.1)
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for each concenalio, j, m all thde vatiabls are known. For ocentraiom wel abow

giefibrafm bak noise, and by rejecting the cleam outlier for the 1.3 MI&z nanducer at the

ma.S a of 1.0 gI, the sum kts in Table 9 are obtained.

TABLE 9 SENSrIIViTIES FOR EACH CASP TRANSDUCER CALCULATED FROM
MONTEREY WHARF SEDIMENT PARAMETERS

Cumulative Sensitivity (coimts)

(g/l) 1.3MHz 5.2MHzA 5.2 MHzB 5.2MHzC

0.19 15208 16112 14720 16397

0.26 15726 16268 14538 16318

0.39 15423 16457 14440 16475

0.52 15701 16571 15021 16430

0.78 15941 16794 14809 16646

1.0 24340 16347 14558 16312

1.6 15956 16798 14940 16348

2 - 15859 16438 14585 16301

Mea*mSTD 15867+591 16421-237 146984177 16475.218

F*=t 4.1 shows the plot of dhe valum of thed sme vies, cuaed uing Eqaton (4.1)

md I -pt mkn for M=ntr Whar for the 1.3 MHz and each of the ttwee 5.2

MHz ansducers. The caibraon tank noise is men in the appmnt high saestvy vahu

for supnded sediment cle, atio w his than 0.19 gi. The sensitivity vahu for the

concentratiom equl or greater dim 0.19 g4 indcate a high consisancy drmomuot the

rsp aims concentrat fix each ta sducer. The meaued seniivity range of the 1.3
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Figure 4.3 Sensitivities for each CASP transducer calculated from parameters for sedimcut
collketed from Monterey Wharf
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MHz baidua vaies 3.7%, whMe the sensiiviies for the 5.2 MHz amducM vwy only

1.4%, 1.29% ad 1.3% rspectv*.

Lastly, th measured -anipl1 volume defined by 1e tUratuucr length ad brun width is

compared.with the theoretical values. Table 10lists the meired values of ., the an&e

of the first nul point of the acousc beam rectivity paltern. The theoreical values

calculated in Equation (2.1) were 3.10 for 1.323 MHz and 3.1° for 5.292 MHz.

TABLE 10 p, ANGLE OF THE FIRST NULL POINT

I InI (degree)

Frequaicy ___ _Wire Radius (microns) _ ___ 40.1)

(MHz) 25 40 50 64

1.323 2.04 2.66 2.66 2.66 2.51

5.292 2.86 2.86 2.86 2.65 2.81

Figures 4.9 to 4.24 show 3 D repasentations of the direcivity pattern for the 1.3 MHz

and 5.2 MHz monostatic acoustic pulse for bin 12. The X and Y plane reprqs - die grid

dhe CASP was moved though whie bAcca data wore colected The Z au reprosafa

the counts mad the log of the square of the counts (as generated by the CASP processing

program) as labeled. Also shown are end and side views of the acoumc pulse in log space.

Table II lists the Wgaphuical meamsed values of the half-power bandwidth. The

thoredc value for both 1.3 and 5.2 MHz was 2.60.
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1.3 MHz Wire Radius: 25 microns End View
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Figure 4.10 End and side views of the monostatic acoustic pulse for 1.3 MNlz and wirc of

radiu 25 miclo..
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1.3 MHz Wire Radius: 40 microns Linear Space
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Figure 4.11 3 D epresentation of the onostatic acoustic pulse for 1.3 MHz and wire of

radius 40 microns in log and linear space.
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1.3 MHz Wire Radius: 40 microns End View
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Figure 4.12 End and side views of the monostatic acoustic pulse for 1.3 MHz and wire of

radius 40 microns.
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1.3 MHz Wire Radius: 50 microns Linear Space
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X 10 4 1.3 MHz Wire Radius: 50 microns End View
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Figure 4.14. End and side views of the monostatic acoustic pulse for 1.3 Mllz and witc of
rvadus 50 microns.
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1.3 MHz Wire Radius: 64 microns Linear Space
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Figure 4.15 3 D representation or the monostatic acoustic pulse for 1.3 Mhz and wire of

radius 64 microns in log and linear space.
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x 1 4 1.3 MHz Wire Radius: 64 microns End View
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Figure 4.16. End and side views of the monostafic acouqlic pulse for 1.3 MI z and wvire of

radius 64 microw.
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5.2 MHz Wire Radius: 25 microns Linear Space
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Figure 4.17 3 D representation of the monostatic acoustic pulse for 5.2 Mhlz and wirc of

radius 25 microns in log and linear space.

65



5.2 MHz Wire Radius: 25 microns End View
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Figure 4.18 End and side views of the monostatic acoustic puise for 5.2 MNlz and wire of

radius 25 microns.
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5.2 MHz Wire Radius: 40 microns Linear Space
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Figure 4.19 3 D repmcntatim of the monostatic acoustic pulse for 5.2 Mhz17 and wire of

radius 40 microns in log and linear space.
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x 5.2 MHz Wire Radius: 40 microns End View
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Figure 4.20 End and -ide views of the monostatic acouRtic p, or 5.2 Xl41 and wire of
radius 40 microns.
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5.2 MHz Wire Radius: 50 microns Linear Space
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Figure 4.21 3 D representation of the monotatic acoustic pulsc for 5.2 MIlz and wire of

radius 50 micron in log and linea space.
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x 10 5.2 MHz Wire Radius: 50 microns End View
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Figure 4.22 End and side views of the monostatic acoustic pulse for 5.2 MIlz and wire of

radius 50 microsm.

70



5.2 MHz Wire Radius: 64 microns Linear Space
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IFig= 4.23 3 D representation of the xmoostatic acoustic pulse for 5.2 Mul and wire of

radius 64 icrons in log and linear space.
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x 10 c5.2 MHz Wire Radius: 64 microns End View
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Figure 4.24 End and side views of the mionostatic acoustic pulse for 5.2 M~lz and wire of

radius 64 microns.
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TABLE II P. HALF-POWER BANDWIDTH

I k I (degree)

Frequency Wire Radius (rnicrm) ____ (~i

(oMz) 25 40 50 64

1.323 1.2 1.2 1.2 1.2 1.2

5.292 1.2 1.2 1.2 1.2 1.2

Compmion of the calculated values of §,and k indicat de aousi bean for both

1.3 MHz and 5.2 MHzM slighy nmowwr thdn calculated by thewy, but show a cos to

ideal beam renpome.

Table 12 is Lp , the lngth of the monostatlic pul egth for both • frequencs. The

theoretial value in 0.0168 mcotn. Again, there is good agreement betwem the calulated

and maed values s g that the acoumtc mammitter, maducer and receiver ntem

is perfonning as desged.

TABLE 12 MONOSTATIC PULSE LENGTH

(Lv) (10"*meter)

Frequency Wirec Radius (micron) ___ y
(M1h) 25 40 50 64

1.323 1.7 1.7 1.7 1.6 1.7

5.292 1.9 1.7 1.9 1.9 1.9
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V. CONCLUSIONS AND RECOMMENDATIONS

As dcmmed in Section IV A, the sensitivity for each wire should be equal for each of the

htpmm bmg evaluated based on the dependence of the form factor on the frequency of

the incident eergy and the size of the fixed wire. The semitivifies calculated for the 5.2

MHz iunsducer, 3.30*0.70 x 10' count, were consistent to within 21 % The senitivities

calculated for the 1.3 MHz transducer were inconsistent with a mean value of 9.23*5.28 x

10 counts. This lae vaaion i believed to be due to a strong angular dependence

between the orientation of the fixed wire target and the 1.3 MHz transducer. While use of

a fixed ware as a standard target avoids the z-axis dependence and the difficulty of locating

targe of minute size in the narrow acomstic beam, these advantages appear to be

outweighed by critical angular positioning requirment. The sensitivities of the two

frequencies are paramneters required in the estimation of both the mean particle radio and

the mass concentration of the suspended sediment uing the invewon method discussed in

to wodL The angular dependency between a fixed wire target and the 1.3 MHz taducer

can be aied by the use of a single small, spherical target such as a bead or BB, suspended

in dh acoustic beam. Although the will be no angular dependence between the spherical

UqO and the taducer due to the symmetry of the target, care must be taken to accurately

locate the target in the center of the very narrow acoustic beam.
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"nIU VM ofthe aensitivifie obtained from Eq. (4. 1) and the known spended sdime

parametem were highly cammitent for the 1.3 MHz and the three 5.2 MHz tranducer,

ndicaný the equ W and procedure were highly reliable.

The p rtionality between the backacattr levels and the square root of the mass

concentration confinu the reliability of the experimental method for the collction of

bwAKcae data from the snpended sediment. The cause of the singe outlying point in the

1.3 MHz data is unknown, but is believd to be a system malfimction and not ind e of

the technique or noise performance.

The f(m of the curves for the theoretical rao of F(x, o)IF (,, .a dhown in Figure

2.6, shown a low sutvity to the choice of oa and sufficient slope to allow a satisfactomy

estimation of the mean parficle radius of the lognoaial sediment population over a range

fhn 20 tD 100 mimm wuig the two-frequncy invsion method desmcled hae. The dope

of the curves approaches zero for radii gmater than 100 microns (200 micron diameer),

seiouwly reducing the ability of the I(X,, o,)IF(X, ,o,) ratio to discriminate mem radiu

anzes outside this range.

The reflective material of the tes tank reults in the constnctive reflection of a portion

of the acousic, eneV off the sides and bottom of the tank. This creates regions of

mmpm bAckscatter amplWts which can be misinterpreted as the backscatter from a test

target or mupended sediment under investion. Additional analyss of these "range"

ambigue is requird to identify their location to avoid positioning of tet urgets or the

mixing vessel near thme posioa. This becomes particularly c•itical for low concentratons

and other weak taret.
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Calibration run uing sediment samples with different lk ma distibon parametes

will add to the wrification of the nvrson method by use of the difeet

RXso5 ) /F(aXs , a,) crvs detcrminod by the value of oa. Furthaimort, the anmuafion

versu conentatin charactemtics for differt edime types will be appled i along-

been mm euu&mws to compensate for along-beam attenuation in the backscatte levs and

cod possily paode additional dimcimination of sedimiet types.

The two mnurte duraon of the suspended sedimen rum was chosen to allow the

collection of a stffiie amount of data to ensv= the effect of sWt i noe was

minized. Further investigation of the temporal resolton of this iwnerion technique will

reveal the minmum samnling time requird to arr at a saisactory and cotuistet

estmaon of •Ament particle size distrbtion and ma- cownetai.

This stuy represents the first stage of characteriing tf backscatter amplu

performance of the CASP, and implemenft a technique to esimate mean particle sim and

sediment mas concenfration While the wire tart bwac sensitivity calibrations were

not fully succesfl the sample voume charactristics were successuly compared with

theowrtal, values. Baseline prforncm data have been measured for a typical sdimen

population over a wide ratng of concentrations, enabling the system senasvies to be

estimated.
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APPENDIX A

SEDIMENT SIZE DISTRIBUTION REPORT

l'rojcct CASP 1Projcct # N •I.
Sample I.D. 3- IMontercy Wharf Lt•h Nimil,' (I
Sample Date 9/29/93 Analy-ir lnw I I 1\() I

size ranges
phi mm Fradl 'X, C1,,,, 1

Gravel <0 > .0 IR.O7 I R 017
Coarxe Sand i 0.5W0 1436 ?2 .11
Medium/Fine Sand 4 0.1063 66.09 98 52
Coarse Silt 5 0.031 I4R IIH) (MK
Medium/Fine Silt >5 <.031 (O.I IIXI (K)

excluded from analysis
% Debriv 0.0

Debris Type 0.0)l
mhid (',,u,. 1, Frad. %

4.0WNM1 -20 I 0I0 0(0
2.(NKXI - 0( M 1(; IR(S)

Grain Sire Statistics (Folk & Ward) IM(KW) (1.0 IN I 7 I
mm Phi 4).5(mO 1. 0 2 1 141A

Neno 0.421 1.25 0.290) 21) (60 0 27 6
hledinn 0.296 1.75 (.1250 30 97 1 17.1
Sorting 0.451 1.15 0.0625 ,1 08 X.5 I 1
Skeunes. -01.61 0.0313 50 100 () I S
Kurtosis 0.93 0.MI7R 7.0 lI.0) 0 I

100.0
90.0
Bo~o

- 70.060.0
0"-50.0
S40.0

300

20.0
o.0

-20 41.0 0.0 1.0 2.0 Phi 1l0 4 n r 0 7 n
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Project CASP Projecl l 'I l.
Sample I.D. 3-2N4Ilcrcy Wharf Lab Nituil'cr
Sample Date 9/29/93 Analy~i l)yr t. DI ON l \O

..ic rangcs
Phi mm Fracl. I. (iti

Gravel <0 >1.0 22 11 22 11
Conrse Sand I 0.5(X) 16 21 38.12
Medluni/Flne Sand 4 0.00,3 (W). II .)X 13
Conr.e Silt 5 0.031 1.57 I1 M(M
Medium/Fine Silt >5 <.031 0.110 l1)0 U )1

excluded from analysls
% Debris 0.0

Debris Type 0.001
me Phl C('mu. 1 Frncl. 7c

4.(XXX) -2.0 0.0) 0 1)
2.0(XX) - 0O I 3.9 I i.9

Grain Size Statistics (Folk & Ward) 1.(XX0) 0.0 22.1 2
mm phi 0.50KX1 1.0 3R 3 16.2

Mean 0.482 1.05 0.250() 2.0 62.0) 23.7
Median 0.327 1.61 0.1250 30 95.7 33.7
Sorting 0.404 1.31 0.0625 4.0 99.4 2.7
Skewne,1m -0.51 C.f)31.1 .0 101) )6
Kurtosis 0.80 0.(X)78 7.0 M10.0 0.1)

100.0
90.0
BO.0

- 70.0
6000S50.0

u 40.0
30.0
20.0
10.0
0.0

-2.0 -1.0 0.0 1.0 2.0 Phi 3.0 40 s0 70
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Project CASP fProjct # C, x
Sample I.D. 3-3tMr~ntercy Wharf Lih Ntiml'•'i I

Sample Date 9/29/93 Anilysi% Da;t e l0\l IV)1

size ranges
phi mm Frowa. "1 (' '1,

Gravel -1) > 1.0 17 86 17 •6
Coarse Sand 1 (0.5(0) ! 1.55 12 iI
Miedlum/FIne Sand 4 (0.063 66.07 98X ,4
Coarse Silt 5 0.(31 1 52 I(10MK I
Medhum/Flne Silt >5 <.031 O.0) 1(1.1M0

excluded from analysis
% Debri.r 0.0

Debris Type O.(01
mli lPhi ('.m. % Fract. %

4.(3XK) -2.10 13 1)
2.MXNX) -L.o 11.0 I .0

Grain Size Statlslics (Folk & Ward) I .1AXXV 0.1 17,9) 6 9
mm phi (0.5(XX) 1.0 32 .1 11. 6

Mlean 0.423 1.24 0.25M1) 2.10 60)6 29.2
Median 0.298 1.75 ().125•( 3.0 97.5 36.')
Sorting 0.452 1.14 0.0625 4,0 ()R 5 1.0
Skewness .-0.62 0l.0113 5.( IM(l I I .5
Kurtosls 0.93 (.(3(378 7.10 IN(1(.(0 (1.0

100.0
90.0

.@80.0

70.0
C 60.00
= 50.0
- 40.0

30.0
20.0
10.0

.2.0 4.0 0.0 1.0 2.0 Phi 30 4.0 s0 70
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rroject CASP Prjccl D1
Sample I.D. I- I Asilomar Lnh Numlb.t 0
Sample Date 9/29/93 Analysis Dinl I()\l I\() A

sim• ranges

phi mm Fract. % (i'. ".
Gravel <0 >1.0 17.79 17 78
Coarse Sand I (5MX) 29.5.1 .17.12
Mledihm/Fne Sand 4 0.163 51.69 9')(WI
Coarse Silt 5 0.031 1 M) IM1) ()
Medium/Fine Silt >5 <.031 (0.0W) l(W).(W)

excluded from analysis
% Debris 0.0

Debris Type 0.001
n1111 Phi (Cum. 'r Fridt. %

4,(XKX) -2(. (I.0 (I (I
2.(XWW) -1j( 11) 3 ll 1

Grain Size Statistics (Folk & Ward) 1.WXXX) 0.1) 17.8 7.5
mm phi 0WOt ) I 0 .17.3 295

Ncoll 0.533 0.91 0.25(M 2.1 92.7 45.1
Median 0.454 1.14 0.1250 3.01 98.9 6.2
Sorting 0.506 0.98 0.0)625 4.01 9901) 0. 1
Skewness -0.37 0.0313 5.0 1IWIM) 110
Kurtosis 0.99 0.0078 7.1T 1M)0.0 0.0

100.0
90.0
80.0
70.0

C 60.0
0

50.0

20.0

0.0
-2.0 -1.0 0.0 1.0 2.0 Phi 30 40 5o 70

so



Project CASP Projecut 0)3.
Sample I.D. 1-2Asilomar L-A Nuni•'r bI
Sample Date 9/29/93 Analysis itc I M 1)\4 I\t

si7. ranges
phi mm Fract. % ('Cot 1

Grnvel <0 >1.0 20.61 N.61
Coarse Sand I 0.5(M) 22.07 ,2 169
Medlrnt/Flne Sand 4 0.063 56.45 99 13
Cnnrse Slit 5 0.031 O.97 lMN IX)
Medium/Fine Silt >5 <.031 0(0XI 1(( IMN(O

excluded from analysis
% Debris 0.0

Debris Type 0.001
m l'h11 Cumn. % Frnrd. %

4.(XNX) -2.0 O00 4 (0
2.(XNIX) -1.0 10.7 I0 7

Grain Size Statistics (Folk & Ward) ! .(K1N) 0.0 201 6 9 0
mm phi 0.5(1(X) 1.0 .12,7 22 1

Mein 0.541 0.89 0.25() 2.0 9)R.2 55 5
Medlnn 0.391 1.36 0.1250 3.(1 98.9 0.8
Sorting 0.507 0.98 0.0625 4.0 () 1 0 2
Skewness -0.65 0.0313 5(10 Il(M0 09
Kurtmlis 0.88 0.O78 7( TO IM(1.O 0.0

100.0
90.0
8o 90.0
70.0

C 60.0
. 50.0

9 40.0
30.0

20.0
10.0
0.0

-2.0 -1.0 0.0 10 2.0 Phi 3 0 O s50 70
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Project CASP Pritjeci Nf QII.
Sample I.). I-3Asilomar iLh N•imikr 0)
Sample Dale 9/29/93 Anal'ynit ! )ngitA I) AV) 1

si7.c ranges
Phi len rnil 'I .( ii "

Gravel <0 >1.0 12.69 12 6R
Conrse Sand I 0.91(1) 25 R2 9X 51)
Medium/Flne Sand 4 0.063 60.12 QR R
Coarse Silt 5 0.0)31 1.17 IIlV(IM
Medium/Fine Silt >5 <.031 0.0K) 1IN)I

excloded from analysis
% D)hris 0).0

Debris Tvpe O.(XI
n1m 1 hi ('nCm,. % Frac'. "r

4.(NNNI -2 1) 0 0 RD(
2.(KXX) -1 0) 6 1) ,!

Grain Size Statistics (Folk & Ward) I .OIMN I 0) 12 7 1 1
mm phi 0.5(MI) 1 0 X S 5

Mean 0.443 1.17 fl.25MNl 20 90l) 7 1
Median 0.364 1.46 0.1250) A 0 4)X 7 9 I
Snrling 0.535 0.90) (06(125 I.21 R) I
Skewnem -0.51 -)031) M3 . 14 1) II 12
Kirln•sis 1.19 0..K)7R 7.11 19TO 1.11 0il

1000,
r - -B oo - . .900

8o000
0, 70.0

C 60.0.0

• 40.0
L. 30.0

200
?o.0

00.,.... . .° . . .

-2.0 .0 00 n0 7 0 h, 40 n ; n 70

g2



Project CASP Project 0 •) t1.
Sanmple I.D. 2-1N4PS rich l.,h Ninlcr (0
Sample Date 9/29/93 Anulyhis Iotie 10\1 I1\,

,ixe rangce
phi 1 mm Fracl. ', (Ciii 'i

Gravel <0 >1.0 (IA.) 11 ME
Conrse Sand I 0.50() 1.17 1 17
IfedhFint/Fne Sand 4 0.063 97.51 OR (OR
Coursc Slit 5 0.031 1..2 1INI(WI
Mledlum/FIne Slit >3 <.031 0(0) I(,) IN)

excluded from analysis
% Debri 0.0

Debris Type O.(M)I
Io llhi ('Ium. "• Frnct. %

4.(XX I) -2.0 1) () 0)0
2.IXN)O -I 01) (0 0)

Grain Size Statistics (Folk & WVard) I MIN) (M.r) 0 ) 0 )
mm phi 0.5(XX) I40 1.2 1 2

Mean 0.233 2.10 0.25(0) 2.0 25,8 2-16
Median 0.230 2.12 0.1230 3.0 97.7 72.10
Sortingt 0.857 0.22 0.0625 4.0) Q,7 0.9
Skewness -0.14 0.0313 5.1) IM 100.
Kurtosls 1.27 O.(X)T 7.1) IM10 0.(I1

100.0
90.0
8o0.0
70.0

S60.0"0 $0.01
U4 0 .0

30.0

200
100
0.0 • -

-20 -1.0 0.0 1.0 2.0 Phi 30 40 5o 70
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Project CASP
Sample I.D. 2-2NPS u3ch Lrf Nljcct.
Sample Date 9/29/91 Analysis Daec I frit 1114 1

si'e rang•c
phi mm Fract. 1' (tttn..,

Gravel <0 > 1.0 O(.0 (1.0
Coarse Sand I 0.Y(x) 1.31 I ,11
Mcdhm/AFlne Sand 4 0.063 96.76 ()R 17
Coarse Slit 5 0.031 1.83 100 f N)
MedlunmIvne Silt >5 <.031 00.1) I(M.11M

excluded from analysis
% Debi i. 0.0

Debris Type O.(0)
mm Phi Ctm. 1, Frac. t.

4.001X) -2.0 0011) (2.(XXXI - IH.) 0) 0)O(
Grain Size Statistics (Folk & Ward) I.(XXX) 0.0 (L I 0. I

mm phi 0.5(XX) 1.01 14 I
Mean 0.244 2.03 )0.2500 2.0 41.9 Jf) 5
Median 0.243 2,04 0.125f) 3.0 97.7 55.7
Sorting 0.847 0.24 0.0625 4.0 OR 2 0 5
Skewnes -0.06 0.0313 5.0 1(1M.0) 1.9
Kurtosls 1.08 0.(1)78 7.0) I().) 0.0

100.0
90.0
80.0

- 70.0

m 40.0
30.0

20.0
10.0
0.0

-2.0 -1.0 00 1.0 2.0 Phi 3.0 4.0 s0 70
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Project CASP PrIj'it 0 •l.
Sample I.D. 2-3NPS Bch Lah Nuiml' I!
Sample Dale 9/29/93 Analy.i.q i)tc I()\ IM \

Sizc ranfes
phi mm Frac.'t ('.ti ",

Gravel <0 >1.0 0.1)1 (0!
Counre Sand I 1)5.E) 1.26 1 27
ltediunmFlne Sand 4 0.063 97.14 9))- .11
Course Sill 5 0.031 1.59 INI (INI
I-ledlum/Fine Silt >5 <.031 0(0) IIWIIw)

excluded from analysis
% Debris 0.0

Debris Type 0.0 I
nimn Phi (urn. % Frnct. '%

4.(XKX) -2.0 ) 0.0 M.)

2.(KKNW) 1.0 1) () () 0
Grain Size Statistics (Folk & Ward) I.(XNX) 01.0 0)0 1)I

men phi 0.5(K) 1.0 1.3 13
Mean 0.263 1.93 0.231M) 2-0 70.0 6R.7
Median 0.267 1.91 0.1250 3.0 97.6 27.7
Sorting 0.852 0.23 0.0625 4.0 O)R t (
Skewness 0.19 0.0313 5.(1 IX).l) 1.6
Kurtosls 1.24 0.0078 7.0 1(VIA)O 0.0

100.0
90.0

- 70.0

5 0.0
40.0

L. 30.0

20.0
10.0

-2.0 -t.0 0.0 1.0 2.0 Phi 3.0 40 s0 70
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APPENDIXK B

LIST OF SYMBOLS

a aluivaw leA rdu

a3  geometric me-an radius

a ftranducer radius

c sound speed m Awud

backsc Atte-r- folnt factor

co mreson wave unuber

n(a) partIcl siz spectWa density

p* akctee pressure amplitude

pO on axis pressure amplitude at referece disance

r perpendicular distance from transducer to detected volume

ro reference ditance

D Vansducer directiv*t

J, cylndrical Boread function of order I

Kc -digital counts of baclwcatter amplitude

M mass concentration

S ovuarl syiem um0tiV*t
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SW sensi calculated firom wer tua t

V Volage output of fWc r

o attenuation coefficient in water

Cs -tFeuaion coefficint of scattrerm

P spreading angle of tramnducer

PO half power aglc of the tiansducer

e Nwman factor

T phase "hf of nth wave

I Acoustic wavwelenth

ps densty of scatterer

S variance of lognonnal distibution about goonetic man, radius

davatio of Vansmitted pulse

S combie anuation by fluid and scatter
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